Abstract Aged canines naturally accumulate several types of neuropathology that may have links to cognitive decline. On a gross level, significant cortical atrophy occurs with age along with an increase in ventricular volume based on magnetic resonance imaging studies.
Introduction
The fastest growing segment of our population is individuals over the age of 85 years with the growth rate of those over 65 years doubling by the middle of the century (http://www.census.gov/population/www/ pop-profile/elderpop.html). Increasing longevity however, raises the risk of developing age-associated neurodegenerative diseases such as Alzheimer's disease (AD). Thus, identifying approaches that can promote healthy brain aging and reduce the risk of developing disease is critical. To do this, animal models can provide significant advances in identifying and testing preventive and/or therapeutic approaches to maintain healthy brain function.
There are many animal models of human brain aging from rodents up to nonhuman primates. Each has unique advantages but also associated challenges. For example, rodents are easily available, relatively inexpensive, and develop some of the same brain aging changes as observed in humans. Transgenic mice, in particular, have been instrumental to our understanding of aging and age-associated disease and allow researchers to identify proteins or processes that can be targets for therapeutics. Nonhuman primates are the closest evolutionarily to humans and exhibit higher order cognitive abilities, but are more difficult to obtain, have very long lifespans and are expensive to use in long-term treatment studies. Thus, it is important to consider many different model systems and to take advantage of unique features of each to provide robust data that can be applied to promoting successful aging in humans.
The aged canine naturally develops several similar features to human aging. Some aged dogs develop sufficient deficits in cognitive function and extensive neuropathology that resembles a spectrum encompassing mild cognitive impairment and possibly early AD in humans . As discussed by Milgram et al. (this issue) , aged dogs develop learning and memory deficits with age. Further, as with human aging, not all old dogs are equally affected and some remain cognitively intact whereas others develop significant dysfunction. Studying the brain changes of cognitively characterized dogs provides critical insights into the neurobiological basis for functional decline. These studies can be both correlative and hypothesis driven using targeted intervention strategies to measure outcomes on cognition and brain pathology. Work from our laboratory and others has established several key links between both cognitive or clinical decline (as measured in companion animals through veterinary clinicians) and neuropathology using various methodological approaches. These can range from macroscopic changes (e.g., brain atrophy), microscopic (e.g., betaamyloid (Aβ) plaques, neuron loss), molecular changes (changes in specific proteins, receptors) to genetic modifications (changes in gene expression).
The dog is a domesticated subspecies of the wolf and includes over 400 different breeds (Parker et al. 2004 ). There can be significant variation in longevity in dogs depending on their breed, body weight, and environment. Typically, larger breeds of dogs have shorter lifespans than smaller breeds (Patronek et al. 1997; Galis et al. 2007; Greer et al. 2007 ). Thus, a unique feature to studying dog aging is addressing studies to genetic and environmental factors associated with longevity. But also, there is a suggestion that brain pathology, including the age of onset and extent may vary across breeds (Bobik et al. 1994) . In laboratory beagles, the median lifespan (i.e., 50% have died) can be as high as 12-14 years depending on the colony evaluated (Lowseth et al. 1990; Albert et al. 1994) . Of note, there are examples of "exceptional longevity" in pet/companion dogs (Cooley et al. 2003 ) consistent with increasing numbers of "oldest-old" human in our aging population (Head et al. 2007 ).
There are several ways to estimate the relationship between human and beagle age. It is estimated that 5.5-7 human years is approximately equivalent to 1 year of a beagle life (Albert et al. 1994) . Alternative polynomial modeling suggests that beagles considered to be "aged" are over 9 years of age, which represents humans between the ages of 66-96 years (Patronek et al. 1997) . Using this same model, middle aged beagles are between 5 and 9 years (∼40-60 years in humans) and young beagles are under 5 years (<40 years).
Macroscopic brain changes with age in the dog
Considerable variability in the weight or volume of the canine brain can occur depending on the size of the animal and breed. Indeed, it was this same variability that led to a shift away from using dogs in early psychological research. However, despite this confound, there are consistent and robust gross changes in brain structure that have been observed in aging animals. In vivo cross-sectional imaging studies show cortical atrophy (Su et al. 1998 ) and ventricular widening (Su et al. 1998; GonzalezSoriano et al. 2001; Kimotsuki et al. 2005 ) occurs with age in dogs. More recent magnetic resonance imaging (MRI) studies suggest differential vulnerabilities of specific areas of cortex to aging. For example, the prefrontal cortex loses tissue volume at an earlier age than the hippocampus in aging beagles ). The hippocampus also shows progressive atrophy reaching significantly lower volumes when animals are over 11 years compared to young adult dogs. In longitudinal studies of MRI changes in brain structure, over a 3-year period of time, aged dogs showed progressive widening of the lateral ventricles but additional cortical atrophy was not observed (Su et al. 2005) . Spontaneous lesions in the prefrontal cortex and the caudate nucleus were noted in increasing numbers of animals over the 3-year period; however, these lesions appeared to be clinically silent. There is a significant association between the extent of cortical atrophy and cognition; animals with more extensive atrophy perform more poorly on tests of learning and memory . These results were confirmed in neurobiological experiments in a study of 30 dogs demonstrating a correlation between cortical atrophy (measured in coronal sections) and cognitive dysfunction (Rofina et al. 2006 ) similar to that seen in humans (Ezekiel et al. 2004; Du et al. 2005) .
Interestingly, cortical and subcortical volume variation in measures of atrophy occurs as a function of sex in dogs (Tapp et al. 2006) suggesting differential vulnerabilities to the aging process in both gray and white matter in males and females. For these experiments, voxel-based morphometry analyses of MRI scans were used in a study of 62 beagles (31 males, 31 females) from 6 months to 15 years of age (Tapp et al. 2006) . Although several regions show overlap in the extent of cortical atrophy as a function of age in males and females, such as in the parietal cortex, the prefrontal cortex shows larger losses in males relative to females. In contrast, females show larger losses of volume in the temporal cortex. Additional differences were noted in the white matter of aged males and females. Although both males and females showed equivalent atrophy of the internal capsula, females showed greater atrophy of the alveus of the hippocampus relative to males. Males, on the other hand, showed a reduction in the white matter tract volume of the optic nerve bundle. Although we have not observed any significant differences in cognition or in neuropathology between males and females, these results suggest that there may be differential structural changes with age as a function of sex in dogs. There have been similar patterns of gender-associated structural aging also reported in the human literature (e.g., Coffey et al. 1998) . Female beagles undergo a progressive rather than abrupt (i.e., menopause) loss of reproductive ability with age but to what extent changes in hormonal status affect brain structures has not been explored.
Neuronal changes with age
Cortical atrophy, particularly in the hippocampus may result as a consequence of neuron loss, as reported in normal human brain aging (West 1993; Simic et al. 1997 ) with more extensive losses occurring in AD (Bobinski et al. 1997; West et al. 2000) . Neurons were counted using unbiased stereological methods within individual subfields of the hippocampus and in the entorhinal cortex of young and aged beagles. The hilus of the dentate gryus showed a significant loss of neurons (∼30%) in the aged brain compared to young dogs (Siwak- Tapp et al. 2008) . Although the sample size was relatively small (n=5 young, n=5 old), there was individual variability in numbers of hilar neurons in aged animals but only one aged dog (14.2 years) had hilar neuron counts within the range of the young dogs. To some extent, this variability related to cognitive function, dogs with higher numbers of neurons performed a size discrimination task, thought to be dependent on the medial temporal lobe, with fewer errors. Differences in neuron number were not detected in the remaining regions sampled including areas CA1, CA3, dentate granule cells, subiculum, and entorhinal cortex. Additional work is warranted as neuron loss has been reported in other dog hippocampal aging studies (Hwang et al. 2007; Hwang et al. 2008c ) and in Purkinje cell loss in the cerebellum (Pugliese et al. 2007 ). The types of neurons lost with age may also have significant functional effects, and thus absolute number may not be as critical as the downstream consequences. For example and as will be described in a later section, γ-aminobutyric acid (GABA)ergic, adrenergic, and serontonergic neurons are lost with age in dogs and would be predicted to have an impact on cognition.
Neurons lost with age may die through apoptotic mechanisms. Apoptosis is a highly regulated program of molecular pathways that lead to neuron shrinkage, DNA fragmentation, and activation of executioner enzymes called caspases (Rohn and Head 2008) . Dogs over the age of 6 years show evidence of DNA fragmentation in both neurons and astrocytes that is correlated with behavioral dysfunction (Kiatipattanasakul et al. 1996) and with the extent of Aβ (Anderson et al. 2000) . However, the presence of DNA fragmentation may also signal increasing DNA fragility with age (Borras et al. 2000) . DNA fragmentation and the suggestion of apoptotic cell death have also been reported in the AD brain (Rohn and Head 2008) suggesting that both in human and canine brain, there may be similar pathogenic events (e.g., Aβ) that trigger neuron death.
Reduced neurogenesis may also contribute to age-associated cognitive decline and may be another mechanism underlying increasing cortical atrophy with age. The hippocampus is capable of generating new neurons in the subgranular layer throughout life (Eriksson et al. 1998) , which can contribute to improvements in behavioral function (van Praag et al. 2002) . To determine if aged beagles show changes in neurogenesis, counts of new neurons in the subgranular layer of the dentate gyrus labeled by bromodeoxyuridine given to animals prior to euthanasia have been reported. A significant loss in neurogenesis (90-95%) with age was observed in beagles over the age of 13 years (Siwak- Tapp et al. 2007) . Further, the number of new neurons that were generated was correlated with cognitive function; animals with lower new neuron numbers had higher error scores of measures of learning and memory sensitive to medial temporal lobe function (Siwak- Tapp et al. 2007 ). Similar losses in neurogenesis have been reported in other laboratories using doublecortin protein as a marker of newly generated or differentiated neurons (Brown et al. 2003; Rao and Shetty 2004) . Doublecortin protein levels are reduced by 80% in the dentate gyrus of the hippocampus in aging dogs (Hwang et al. 2007 ) and up to 96% in another study (Pekcec et al. 2008) . Reduced doublecortin may not, however, be related to diffuse Aβ that can be present in aged dog brain (Pekcec et al. 2008) .
Neuron loss in the canine brain with age is selective to brain subregions and to specific phenotypes and may proceed through apoptotic pathways. In addition to neuron loss, the ability to replace neurons through neurogenesis also appears impaired with age in the dog brain. In combination, loss of neurons and neurogenesis may both contribute to impaired cognitive function.
Aβ pathology
Neuron loss and cortical atrophy in vulnerable brain regions of the aged dog may be due to the accumulation of pathological proteins. Dogs deposit endogenous levels of Aβ that has an identical amino acid sequence to humans (Selkoe et al. 1987; Johnstone et al. 1991) and with similar posttranslational vulnerabilities (e.g., oxidation, racemization, isomerization; Satou et al. 1997; Azizeh et al. 2000) as they age. The dog β-amyloid precursor protein (APP) is virtually identical to human APP (∼98% homology), as established from the sequence published online for the dog genome (http:// www.ensembl.org/Canis_familiaris/). Most of the deposits in the dog brain are of the diffuse subtype, but are fibrillar at the ultrastructural level and at an advanced stage, which models early plaque formation in humans (Torp et al. 2000a, b; Torp et al. 2003) . We also observe intracellular Aβ using immunohistochemistry (Cummings et al. 1996b) . Our work and the work of others demonstrate that specific brain regions show differential accumulation of Aβ, paralleling some reports in the aged human brain (Wisniewski et al. 1970; Selkoe et al. 1987; Giaccone et al. 1990; Wisniewski et al. 1990; Braak and Braak 1991; Ishihara et al. 1991; Braak et al. 1993; Head et al. 2000; Thal et al. 2002) . When cortical regions are sampled for Aβ deposition, each region shows a different age of Aβ onset . Aβ deposition occurs earliest in the prefrontal cortex of the dog and later in temporal and occipital cortex. Dog Aβ deposition follows a similar, although not identical, pattern of accumulation as reported in human brain. In the aging human brain, Aβ also appears early in neocortical regions, including the frontal cortex, with entorhinal and hippocampal Aβ appearing later, particularly with AD (Thal et al. 2002) . Braak et al. also observe the earliest deposits of Aβ in the neocortex and particularly within basal portions of the frontal, temporal, and occipital lobes while the hippocampus remains devoid of pathology until later stages of AD (Braak and Braak 1991) .
The extent of Aβ plaque deposition in the dog brain is linked to the severity of cognitive deficits (Cummings et al. 1996a; Head et al. 1998; Colle et al. 2000; Rofina et al. 2006) . Age and cognitive status can predict Aβ pathology in discrete brain structures. For example, dogs with prefrontal cortex-dependent reversal learning deficits show significantly higher amounts of Aβ in this brain region (Cummings et al. 1996a, b, c, d; ). On the other hand, dogs deficient on a size discrimination learning task, thought to be sensitive to temporal lobe function, show large amounts of Aβ deposition in the entorhinal cortex . As in laboratory beagles, the extent of Aβ plaques varies as a function of age in companion dogs (including a wide variety of breeds and mixed breeds; Rofina et al. 2003; Rofina et al. 2004; Rofina et al. 2006) . Further, the extent of Aβ plaques correlates with behavior changes and this association remains significant even if age is removed as a covariate (Colle et al. 2000; Rofina et al. 2006) . Aβ plaques in the parietal lobe correlate with behavioral changes in aged companion animals related to appetite, drinking, incontinence, day and night rhythm, social behavior (interaction with owners and other dogs; personality), orientation, perception, and memory (Rofina et al. 2006) . Interestingly, the accumulation of Aβ plaques in the brains of dogs does not begin until approximately 8 years of age. Thus, cognition declines prior to Aβ plaque accumulation and we hypothesize that cognitive impairment may be more tightly coupled to the production of toxic soluble assembly states of Aβ as reported in transgenic mice (Westerman et al. 2002; Lacor et al. 2004; Oddo et al. 2006) . Consistent with this hypothesis, selective clearance of pre-existing Aβ diffuse plaques, but not soluble assembly states of Aβ, from the brains of aged dogs using active vaccination therapy does not lead to immediate improvements in learning ). However, prolonged treatment and reduction of Aβ is associated with a maintenance of prefrontal-cortex function over time (>2 years; Head et al. 2008 ). Thus, although there is good correlative evidence that Aβ contributes to cognitive decline in aged dogs, other pathologies may also make a significant contribution particularly in middle age such as cerebrovascular dysfunction, progressive oxidative damage, neurotransmitter systems changes, and alterations in gene expression.
Cerebrovascular pathology
A common type of pathology observed in both normal human brain aging and particularly in AD is the accumulation of cerebrovascular amyloid angiopathy (CAA; Attems 2005; Attems et al. 2005; Herzig et al. 2006) . CAA, involving the deposition of Aβ in association with blood vessels, may compromise the blood brain barrier, impair vascular function (constriction and dilation; Prior et al. 1996b) , and cause microhemorrhages (Deane and Zlokovic 2007) . CAA in the dog brain was first observed by Braunmuhl (1956) as early as 1956 and was subsequently confirmed by Wisniewski et al. (1990) . Vascular and perivascular abnormalities and cerebrovascular Aβ pathology are frequently found in aged dogs (Giaccone et al. 1990; Uchida et al. 1990; Ishihara et al. 1991; Uchida et al. 1991; Shimada et al. 1992a; Uchida et al. 1992 Uchida et al. , 1993 Yoshino et al. 1996; Uchida et al. 1997) . Cultured vascular smooth muscle cells from dog brain can mimic the pathological process (e.g., Aβ production and accumulation) that occurs in humans with AD and Down syndrome (Frackowiak et al. 1995; Prior et al. 1995 Prior et al. , 1996a . Vascular Aβ is primarily the shorter 1-40 species, which is identical in dogs and humans (Wisniewski et al. 1996) . Dog CAA can be associated with cerebral hemorrhage (Uchida et al. 1990; Uchida et al. 1991) and the distribution of CAA in dog brain also appears similar to humans with the occipital cortex being particularly vulnerable . The extent of CAA in aged dog brains can correlate with clinical signs of cognitive dysfunction in companion dogs (Colle et al. 2000) . Overall, dogs are thought to be a good natural model for examining CAA and treatments for CAA (Walker 1997) . Cerebrovascular pathology may contribute to impaired vasodilation or vasoconstriction, leakage of the blood brain barrier, and potentially reduced blood volume and flow to the brain. In turn, over time, reduced blood flow may lead to neuronal dysfunction and death and deficits in cognitive function.
Oxidative damage and inflammation
Aging and the production of free radicals can lead to oxidative damage to proteins, lipids, and nucleotides that, in turn, may cause neuronal dysfunction and ultimately neuronal death. Normally, several mechanisms are in place that balances the production of free radicals such as endogenous antioxidants. However with age, a number of these protective mechanisms begin to fail. In AD, oxidative damage is particularly pronounced and significant increases in protein oxidation, lipid peroxidation and DNA/RNA oxidation have all been reported (Smith et al. 1991; Ames et al. 1993; Smith et al. 1996 Smith et al. , 2000 Pratico et al. 1998; Lovell et al. 1999; Montine et al. 1999; Pratico and Delanty 2000; Montine et al. 2002; Pratico et al. 2002; Butterfield 2004; Markesbery 2007b, 2008) . Further, in humans with MCI, which is thought to represent early AD (Petersen et al. 1999; Morris et al. 2001) , already show either intermediate or similar levels of oxidative damage as observed in AD (Pratico et al. 2002; Rinaldi et al. 2003; Keller et al. 2005; Lovell and Markesbery 2007a, b; Markesbery and Lovell 2007; Lovell and Markesbery 2008) . There are a number of downstream consequences of oxidative modifications to proteins, lipids and DNA/RNA including a reduction in protein synthesis (Ding et al. 2007 ), altered proteasome function (Ding and Keller 2001) , and impaired protein/enzyme function (Stadtman 1992; Stadtman and Berlett 1997) . Further, selective oxidative modifications to key proteins identified using proteomics approaches may lead to neuronal dysfunction through abnormalities in pathways associated with energy metabolism, excitotoxicity, proteasomal dysfunction, lipid, synaptic dysfunction, and pH buffering .
In dog brain, carbonyl groups, which are a measure of oxidative damage to proteins, accumulates with age Skoumalova et al. 2003b ) and is associated with reduced endogenous antioxidant enzyme activity or protein levels such as in glutamine synthetase and superoxide dismutase (Kiatipattanasakul et al. 1997; Head et al. 2002; Hwang et al. 2008a; Opii et al. 2008) . In several studies, a relation between age and increased oxidative damage has been inferred by measuring the amount of end products of lipid peroxidation (oxidative damage to lipids) including the extent of 4-hydroxynonenal (Papaioannou et al. 2001; Rofina et al. 2004; Rofina et al. 2006; Hwang et al. 2008a) , lipofuscin (Rofina et al. 2006) , lipofuscinlike pigments (Papaioannou et al. 2001; Rofina et al. 2004 ), or malondialdehyde . Last, evidence of increased oxidative damage to DNA or RNA (8OHdG) in aged dog brain has been reported (Rofina et al. 2006 ), a feature we have also subsequently observed .
Oxidative damage may also be associated with behavioral decline in dogs. Rofina et al. found that increased oxidative end products (lipofuscin-like pigment and protein carbonyls) in aged companion dog brain (including several breeds and mixed breeds; Skoumalova et al. 2003a; Rofina et al. 2004; Rofina et al. 2006 ) correlate with severity of behavior changes due to cognitive dysfunction. Similarly, in our own studies of aging beagles, higher protein oxidative damage (3-nitrotyrosine) and lower endogenous antioxidant capacity (superoxide dismutase and glutathione-S-transferase) are all associated with poorer prefrontal-dependent and spatial learning (Opii et al. 2008) . These correlative studies suggest a link between cognition and progressive oxidative damage in the dog. Indeed, when aged dogs are provided with an antioxidant-enriched diet, significant cognitive improvements are observed Milgram et al. 2002; Milgram et al. 2004; ) along with reduced oxidative damage to the brain (Opii et al. 2008) . Similarly, providing dogs with a nutraceutical containing antioxidants such as vitamin E also leads to improvements in spatial memory (Araujo et al. 2008) .
There are fewer studies describing inflammatory changes in the aged dog brain, which is a key feature of the aging human and AD brain . Gliosis has been reported with increasing age in the canine cerebellum and hippocampus (Shimada et al. 1992b; Kiatipattanasakul et al. 1998; Pugliese et al. 2006; Pugliese et al. 2007; Hwang et al. 2008d ). However, as opposed to the AD brain, increased neuroinflammatory cells have not be found in association with canine Aβ deposits, which are diffuse in nature (Cummings et al. 1996c ). As will be described in a later section, there is evidence to suggest that gene expression associated with inflammatory processes is increased with age in dogs.
Neurotransmitter systems and aging
Neurotransmitter deficits as a function of age in the dog have not been as well explored as in human aging and disease. Of the limited studies reported, similar neurotransmitter system losses and changes appear to occur in the canine brain as with the human brain during aging and AD (Meltzer et al. 1998; Ballard et al. 2005; Schliebs and Arendt 2006; Rissman et al. 2007 ). In the aged canine dorsal and median raphe nuclei, there appears to be no significant losses in tryptophan hydroxylase positive neurons estimated using unbiased stereology methods (Bernedo et al. 2009 ). However, significant losses in serotonergic neurons were observed in aged dogs with Aβ plaque accumulation in the gyrus proreus (a region of the prefrontal cortex; Bernedo et al. 2009 ). In vivo receptor binding, using single photon emission tomography and a selective 5-HT2A receptor ligand also decreases in dogs over the age of 8 years particularly in the front-cortical region with a significant negative correlation with age in the right frontocortical region (Peremans et al. 2002) .
Similar outcomes were observed in a study of locus ceruleus noradrenergic neurons labeled by tyrosine hydroxylase, with no age effects observed but lower numbers in dogs with higher Aβ plaques in the prefrontal cortex. Further, noradrenergic cell loss was associated with cognitive dysfunction (Insua et al. 2008) . Acetylcholinesterase density, which may reflect cholinergic neurons in the cerebellum of dogs, was reduced in granule cells with age, although this was not associated with cognitive dysfunction (Pugliese et al. 2007 ). Further, providing aged dogs with the cholinergic agonist, phenserine, leads to improved complex discrimination learning in mildly impaired aged animals (Studzinski et al. 2005) .
GABA interneuron losses in the prefrontal cortex of dogs aged 8-15 years old has also been reported (Pugliese et al. 2004) . Specifically, neurons containing the calcium binding protein, calbindin, were depleted whereas parvalbumin or calretinin positive neurons remained intact (Pugliese et al. 2004) . A similar lack of age-dependent losses of parvalbumin positive neurons was also reported for area CA1 and dentate gyrus of the hippocampus (Hwang et al. 2008b ). An earlier study, however, did not observe calbindin D-28 k positive neurons in cortex but only in the cerebellum, which was decreased with advanced age in dogs (Siso et al. 2003) . Consistent with (Ballard et al. 2005) prefrontal losses in GABAergic interneurons, hippocampal neurons positive for the rate-limiting enzyme for GABA synthesis, glutamic acid decarboxylase 67, were reduced in area CA1 in dogs 10 years and older (Hwang et al. 2008c) . Thus, as with human aging and AD, dogs show modifications to the serontonergic, cholinergic, and GABAergic systems with age that in some studies is linked to Aβ accumulation and to cognitive dysfunction. Thus, some evidence suggests that the loss of neurotransmitter-producing neurons with age in the dog that parallel human brain aging and disease, which can make significant contributions to cognitive dysfunction.
Gene expression changes with age
With the development of microarray technology, it is now possible to obtain a broad view of the changes in gene expression that can occur with age across many species. In mice and humans, increases in expression of genes associated with inflammation, oxidative stress, and DNA repair have been consistently reported (Lee et al. 2000; Jiang et al. 2001; Weindruch et al. 2002; Lu et al. 2004; Erraji-Benchekroun et al. 2005) . Further, decreases in expression for genes associated with neurotrophic support, mitochondrial function, and for synaptic plasticity are also consistently observed. Many of these events are exacerbated in AD relative to nondemented elderly controls (Blalock et al. 2004 ). Swanson et al. reported the first canine gene microarray study of aging comparing 12-to 1-year-old beagles (Swanson et al. 2007 ). The expression of 963 genes increased or decreased with age in the dog cortex. Transcripts that were upregulated in aged beagles included genes associated with apoptosis, cell signaling and signal transduction, cell development, cellular trafficking and protein processing, and immune function. In contrast, ATP synthesis, neurogenesis, metabolic and subsets of cellular trafficking, development, and protein processing all showed decreased gene expression. These canine brain changes are consistent with reports in other species and in humans and suggests conservation of specific gene families compromised with age.
Summary
Aged dogs naturally develop a broad spectrum of neuropathology and neurobiological changes that parallels observations in aging human, mild cognitive impairment, and early AD. Overall, the prefrontal cortex may be particularly vulnerable to the aging process as this region shows the earliest signs of atrophy, Aβ deposition, and additional changes such as 5-HT receptor dysfunction and oxidative damage. The hippocampus and medial temporal lobe also accumulate Aβ and selective neuron loss and dysfunction, consistent with human brain aging. The molecular and genetic pathways that are engaged and lead to neuronal dysfunction and losses have yet to be fully identified but may include oxidative damage, cerebrovascular, and metabolic changes and possibly reduced expression of genes involved with signal transduction, protein processing, neurogenesis, and neurotrophic support as indicated by microarray studies.
